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INTRODUCTION 


The so-called intermetallic compounds are an interesting class of 
substance, the properties of which are beginning to be amenable to 
theoretical treatment. It therefore seemed worth while to determine 
the effect of hydrostatic pressure on a number of representative 
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compounds. The following results were obtained during the last few 
years for the compressibility and change of resistance under pressure 
at 30° and 75° with my conventional pressure apparatus up to 12000 
kg/em*. With one exception, all of the “intermetallic compounds” 
here studied crystallize in the cubic system; it is hardly worth while 
to measure the physical constants of substances crystallizing in other 
systems unless single crystals are used and the properties determined 
in different directions. Up to the present it has been found possible 
to produce single crystals of these substances in very few cases, so 
that the number of them which may be advantageously measured is 
at present somewhat restricted. Furthermore, only those compounds 
have been studied here whose crystal structure is adequately known; 
results for such substances should be of greater theoretical signifi- 
cance than for substances with incompletely determined structure. 
In addition to the intermetallic compounds, a few other substances 
have been measured since my last publication on the subject, and 
these are collected here. It is probable that this paper marks, at 
least for the present, the close of routine determinations of resistance 
and compressibility to 12000; a large number of substances have now 
been measured, and other experiments over a considerably wider 
pressure range may now be undertaken more profitably. 

Occasion will also be taken in this paper to give corrected values 
for a few of my earliest compressibilities. In the course of a recent 
extension to 20000 kg/cm? of measurements of the compressibility of 
the alkali metals, I found that there had been an error in the earliest 
results to 12000; this error was in the reduction of change of length 
to change of volume, the correction term having been applied with 
the wrong sign. ‘The magnitude of this error increases with the 
magnitude of the change of volume; it is greatest for the most com- 
pressible substances and at the highest pressures, and the initial 
compressibilities are not at all affected by it. This error slightly 
affects the compressibility of iron, which has been used as fundamental 
in all my compressibility determinations. All results published since 
1925 strictly should be corrected for the new value of iron, but the 
change is so small that it is hardly worth considering. The new values 
for iron are used in the calculations of this paper, and will be used in 
the future. 

During the measurements of this paper a source of error developed 
in the “lever piezometer”’ which had not been previously recognized. 
The error was first encountered in measuring the compressibility of 
LiF, and consisted in a number of rather regular discontinuities in the 
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length, change of length plotted against pressure presenting an 
appearance much like that of a flight of steps. The effects were 
perfectly reproducible, and were without hysteresis. I thought at 
first I had hold of some new quantum phenomenon, and a great deal 
of time was spent in making measurements with differently prepared 
specimens, and with two different piezometers. The explanation 
turned out at last to be instrumental, but for a while I was forced to 
suppose that the phenomenon was real because of a series of hardly 
credible coincidences, since there was apparently a correlation with 
the purity, the effect was repeated with a second piezometer, and also 
it repeated when the length of the specimen was altered, thus employ- 
ing a different part of the slide wires. The effect was found to be due 
to wear of the cross wire on which the wire connected to the potenti- 
ometer slider. A flat place worn on the cross wire, combined with an 
almost infinitesimal periodic structure in the sliding wire, like a 
“wash-board” dirt road, which also may have been the result of 
wear, was the adequate explanation. The effect was at once eliminated 
by providing a new cross wire, and the effect can be eliminated in the 
future by so mounting the cross wire that it can be rotated to avoid 
wear. It is, of course, disturbing to think that this source of error 
may have been present in some results already published, in particular 
in connection with some of the anomalies reported. It is possible 
that a few of these results may have been slightly affected, but in 
most cases, not. This instrumental error can be recognized by being 
without hysteresis, and it was a progressive development which rapidly 
become worse toward the climax with LiF. After discovering it, I 
found it necessary to repeat measurements which had been made on 
several substances just before the effect was recognized and not yet 
published, but this is, I think, as far back as errors of any importance 
extend. Further details with regard to already published results will 
be given in the discussion. 

Proper preparation of the intermetallic compounds is important, 
and was done by a special technique, except in those cases where I 
was fortunate enough to obtain the compounds ready made. In this 
connection I am much indebted not only to several industrial re- 
search laboratories, which will be mentioned in detail later, but also 
to Dr. R. F. Mehl, who interested himself in the problem of obtaining 
some of these compounds, and through whom I was able to make 
several important contacts. 

The pure component metals were usually finely divided by a new 
file, weighed proportions were mixed together, and introduced into 
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the chamber A of the fused quartz arrangement shown in Figure 1. 
The whole was highly evacuated with gentle heating, and then fused 
off after argon under a pressure of a few millimeters had been admitted. 
The whole was then placed horizontally in an electric furnace kept at 
a temperature perhaps 50° C above the melting point of the compound, 
as determined from the published phase diagram, until it was com- 
pletely melted. The liquid was homogenized by violent shaking, 


3 


D 
Ficgure 1. The quartz vessel for casting the intermetallic compounds. 


The furnace was next rotated rapidly into a vertical position, and the 
quartz lowered by a wire attached to the ring at the upper end into 
a dish of cold water placed immediately below the mouth of the 
furnace. The reduction of pressure when the bulb B strikes the water 
forces the liquid alloy through the constriction C, which serves as a 
filter, into the compartments E and F, which are filled completely, the 
alloy freezing at the second constriction D. The proportions of the 
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quartz apparatus and the initial argon pressure must be right in order 
that the action shall take place as described, but the correct values 
are not difficult to find. The solidified compound was next subjected 
to an annealing process by maintaining it at a temperature in the 
annealing range as near the melting temperature as the phase diagram 
suggested was safe, for a time which might run up to 10 days. By 
this method homogeneous specimens were prepared; the homogeneity 
was checked in many cases by determining the X-ray structure of 
small samples taken from either end of the specimen. The X-ray 
examination was made by Mr. C. Lanza, for whose assistance I am 
very much indebted. The diameter of the chamber F was about 3 
mm, and that of E about 1 mm; F gave the compressibility sample, 
and E the resistance sample. 

The detailed results now follow. First are given those compounds 
which crystallize in the so-called y structure, with an atom-electron 
ratio of 13:21; second the compounds with @ structure and an atom- 
electron ratio of 2:3; third, a more or less miscellaneous assortment 
of other intermetallic compounds, and fourth other types of substance. 


DETAILED RESULTS 


AgsCds._ The compressibility was measured of a single sample, in 
the annealed condition. There was consistent hysteresis between the 
readings with increasing and decreasing pressure, the extreme width 
of the loop being about 3% of the maximum effect at 30° and 3.6% 
at 75°. The average deviation of a single reading from a smooth 
curve passing through the center of the loop was 1.0% at 30° and 
1.2% at 75°; considerably smaller deviations would of course have 
been obtained if the deviations had been calculated from the re- 
spective branches of the loop. The results are: 


At 30°, —AV/Vo 


At A 0 
pin kg/em?. 


12.36 X 1077p — 2.76 X 1072p? 


12.66 X 10-7p — 2.73 1072p?, 


The second degree terms in these expressions are the same as for pure 
iron. 

The electrical resistance was measured as a function of pressure in 
the unannealed condition at 30°, and on the same sample, after 


annealing, at both 30° and 75°. The results are unusual, both in the 


unannealed and annealed condition in that when resistance is plotted 
against pressure two straight lines are obtained, with a distinct 
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break in direction. This phenomenon was established only with 
increasing pressure, when a great many more readings than usual 
were taken, for example, 20 readings on one occasion instead of the 
usual 7 with increasing pressure. There can be no doubt but that 
the straight line reproduces the measurements much better than the 
customary second degree expression. A smaller number of readings 
was taken with decreasing pressure; there was the same sort of 
hysteresis as shown by the compressibility measurements, and again 
two straight lines reproduces the results better than a second degree 
curve. The results were: . 

Unannealed. 30°. Break at 5730 kg/cm?, where the resistance is 
0.9813 of its initial value. In terms of the resistance at the break the 
pressure coefficient below the break is —3.27 XK 10~*, and above the 
break —2.57 X 10-*. The specific resistance at 30° is 1.30 & 107° 
ohm cm. 

Annealed. 30°. Break at 5950 kg/em?, where the resistance is 
0.9816 of its initial value. In terms of the resistance at the break the 
coefficient below the break is —3.14 &K 10~, and above the break — 2.08 
x 10 *. 

75°. Break at 5950, where the resistance is 0.9774 of its initial 
value. In terms of the resistance at the break the pressure coefficient 
below the break is —3.87 XK 10~ and above the break —2.83 & 10~. 

The specific resistance at 30° is 1.306 10-> ohm em. The average 
temperature coefficient of resistance between 0° and 100° at atmos- 
pheric pressure, obtained by linear extrapolation of the readings at 
30° and 75° is 0.00248. 

Except for the value of the pressure coefficient beyond the break 
the annealing appears to produce very little effect. 

Ag;Zns. Both compressibility and resistance samples were annealed 
for 7 days at 600° C and quenched. Two sets of compressibility 
measurements were made, before and after the modification of the 
cross wire. The first runs showed a small step at 75° but none at 
30°. The second runs gave no break. There was, however, consider- 
able hysteresis on both sets of runs; the width of the loop of the second 
run was 1.3% of the total effect at 30°, and 2.1% at 75°. The follow- 
ing results represent the mean with increasing and decreasing pressure: 


At 30°, —AV/Vo = 11.14 X 1077p — 4.62 107%)? 
At 75°, —AV/Vo = 11.60 X 10-7p — 4.98 X 1072)?. 


The total compression at 12000 obtained with the first set-up was 
0.3% greater than the above at 30° and 2.2% less at 75°. 


ve 
=, 
7 
rig 
. 
q 


ELECTRICAL RESISTANCE UNDER PRESSURE 291 


The mean linear thermal expansion between 30° and 75° at atmos- 
pheric pressure was 0.000022. 

The effect of pressure on resistance was very small absolutely, but 
in the range of variation the effects were very irregular. At 30° the 
effect of pressure is very definitely to decrease resistance, but there is 
hysteresis, and on standing at 6000 kg for 15 hours there was creep in 
the direction of increasing resistance amounting to one half the 
total effect of 12000. At 75° the creep is also unmistakably present, 
but it is not so important, and there is also pronounced hysteresis. 
The following are only rough average results: 


At 30°, AR/R(O, 30°) = — 4.0 X 10-7p 
At 75°, AR/R(O, 75°) = + 10.4 X 1077p. 


The specific resistance at atmospheric pressure at 30° C was 21.5 X 
10-*. A rough value for the mean temperature coefficient between 0° 
and 100° is 0.00245. 

Cu;sCds. Measurements of the compressibility of this compound 
have already been published. There were the most complicated 
small seale fluctuations, which it was difficult to believe could be 
characteristic of the material itself. The results were therefore re- 
peated with a new sample, which had been annealed at a mean temper- 
ature of 485° C for 10 days. The data for this second sample still 
showed irregularities, but not nearly as striking as those of the first. 
The irregularities were of a somewhat different character, there now 
being rather pronounced hysteresis, evidence of some sort of not 
perfectly reversible internal change produced by the action of pressure. 
Measurements were made only at 30° C. The average deviation of a 
single reading from the smooth curve drawn through the center of the 
hysteresis loop was 1.1% of the maximum effect. The results were as 
follows: 


At 30°, = 16.3 X 1077p — 27 X 


The resistance sample was annealed in the same way as the second 
compressibility sample. The results were very much smoother than 
for the compressibility. At 30° the average deviation of a single 
reading from a smooth curve was 0.11% of the maximum effect, and 
at 75° 0.09%. The effect of pressure on resistance can be represented 
by the following expression: 


At 30°, AR/R(O, 30°) 
At 75°, AR/R(O, 75°) 


— 1.096 10-°p + 1.245 1078p? 
— 1.1388 X + 1.862 
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The specific resistance at atmospheric pressure at 30° was 17.25 X 
10-*, and the mean temperature coefficient between 0° and 100°, 
0.00383. The latter is thus as high as that of some of the pure metals. 
Cu;Zns. Measurements were made on two different samples; on 
No. 1 two sets of measurements were made, before and after the 
modification of the cross wire of the piezometer. Only one set of 
measurements was made on No. 2, after the modification. No. 1 was 
cast from above 900° C and annealed between 685° and 720° for 13 
days. Both samples were X-rayed, and seemed to be homogeneous. 
The first set-up with No. 1 showed various irregularities, but these 
entirely disappeared with the modified apparatus, and the effect was 
doubtless instrumental. The second set-up showed hysteresis of 
about 0.2% at both temperatures; the regularity of the points was 
therefore somewhat better than usual for these intermetallic com- 
pounds. The results from the second set-up with No. 1 were: 


At 30°, —AV/V 
At 75°, —AV/Vo 


The first set-up gave a smaller result at 30° and a larger one at 75°. 

The mean linear thermal expansion at atmospheric pressure was 
0.000020. 

Sample No. 2, which had been prepared two years before No. 1, 
was measured only once, after the piezometer had been rectified. At 
30° there was noticeable irregularity and hysteresis, but nothing 
remarkable. At 75°, on the other hand, there was a very marked 
break at 8000 kg/cm?, with a discontinuity in relative length of 
0.00032. Above and below this the points lay regularly. The results 


O 


were as follows, at 75° smoothing across the break: 
At 30°, —AV/Vo 
At 75°, —AV/Vo 


No. 2 thus seems to be entirely different from No. 1. The compres- 
sibility of No. 2 at 75° beyond the break is very nearly the same as 
that of No 1, so that here we may be concerned with corresponding 
phases. But the much larger compressibility of No. 2 at 30° and its 
smaller compressibility at 75° below the break points to a complicated 
system of different phases. 

The mean linear thermal expansion of No. 2 was 0.000018. 

Resistance measurements were made only on No. 1. The measure- 
ments at 30° were smooth, but there was a very small continual drift 


10.07 X 10-7p — 4.77 X 1072p? 
10.39 X 1077p — 5.82 X 1072p?, 


12.35 X 1077p — 24.0 X 10-2;2 
9.51 X 10-7p — 1.9 X p?. 
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during the readings, so that after the run the resistance was 0.02% 
(or 1.4% of the pressure effect) smaller than initially. At 75° the 
creep was much larger, there being a permanent change of resistance 
after the run of 0.16%. Except for creep, the points with increasing 
and decreasing pressure were very regular, lying on smooth curves 
with an average deviation of 0.08% of the maximum pressure effect. 
The following are the mean results for increasing and decreasing 
pressure: 


At 30°, AR/R(O, 30°) 
At 75°, AR/R(O, 75°) 


— 1.477 X 10-7p + 1.06 X 10-4)? 
— 1.612 10-7p + 1.04 107" p?, 


At atmospheric pressure the specific resistance at 30° was 10.68 X 
10-* ohm em. The mean temperature coefficient between 0° and 100° 
was 0.00256. Again, the shifting electrical resistance points to 
internal complications. 

Cuz,Sng. Measurements were made on four different samples. 
The method of preparation was approximately the same for all: 
they were cast from above 800° and annealed at 550° for 10 days and 
then quenched. Compressibility measurements on No. 1 and No. 2 
were made with the original piezometer sometime before the irregu- 
larities due to wear of the cross wire had begun to develop, so that it 
is safe to accept these results. These first two samples agreed in 
showing rather large hysteresis, the character of which was very much 
like that of Cu;Zns. However the absolute magnitudes of the com- 
pressibilities of the first two samples differed by amounts far beyond 
any possible experimental error, that of the second sample being 22.5% 
less than that of the first. The measurements were accordingly re- 
peated considerably later with a third sample; this showed the step- 
like structure due to wear of the cross wire, and the results were 
accordingly discarded. The mean, however, should be significant, 
and this agreed much more nearly with No. 2 than with No. 1. After 
the piezometer had been rectified, measurements were made with 
No. 4. These were the most regular of all, showing no hysteresis, 
and with scattering of the individual points no greater than normal 
for these intermetallic compounds. The width of the hysteresis 
loop of No. 2 at 30° was 8.38% of the maximum pressure effect, and 
the width at 75° was 9.3%. The hysteresis of No. 1 was much like 
this. The following results were found: 


No. 1. At 30°, —AV/Vo = 11.40 X 10-7p — 11.8 & 10-®p? 


At 75°, —AV/Vo = 10.98 X 10-7p — 5.7 X 1072. 
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At 30°, —AV/V, = 883 X 10-7p — 5.3 X 
At 75°, —AV/Vp = 9.29 X 10-7p — 7.3 X 1072p? 


No. 4. At 30°, —AV/Vo 9.85 X 10-7p — 6.03 
At 75°, —AV/Vo = 10.18 X 10-7p — 6.15 X 10-%p?. 


At 30°, the initial compressibility of No. 3, ignoring the break, was 
8.5 & 107%. 

The compressibilities of the various samples are seen to vary by an 
amount far beyond possible experimental error; it would appear to be 
intrinsic in the material. 

At atmospheric pressure the mean linear thermal expansion of No. 
1 was 0.000019; of No. 2, 0.000021; of No. 3, 0.000018; and of No. 4, 
0.000019. Nos. 1 and 4 thus have the same expansion, but the com- 
pressibilities are markedly different. 

The resistance under pressure was measured for two different 
samples from the same meltings as compressibility samples Nos. 1 
and 2 respectively. The electrical properties were very much more 
concordant than the compressibilities. The average deviation from a 
smooth curve of a single reading for No. 1 was 0.8% at 30° and 0.06% 
at 75° (one discard at 75°). The corresponding figures for No. 2 were 
0.16% and 0.10% (two discards). The results were: 


No. 1. At 30°, AR/R(O, 30°) = — 1.057 10-7p + 7.3 10-2 
At 75°, AR/R(O, 75°) = — 1.087 K 10-7p + 7.8 XK 107-"p?. 


At atmospheric pressure the specific resistance at 30° was 51.6 X 
10° ohm em, and the mean temperature coefficient between 0° and 
100°, 0.00060. 


No. 2. At 30°, AR/R(O, 30°) = — 1.055 K 10~7p + 4.4 K 10-Pp? 
\t 75°, AR/R(O, 75 — 1.068 K 10~7p + 4.4 & 10-¥p?. 


At atmospheric pressure the specific resistance at 30° was 49.4 X 
10-* ohm cm, and the mean temperature coefficient between 0° and 
100°, 0.000635. 

CuZn. The material was prepared by casting from 930° C, anneal- 
ing at 570° to 600° for 5 days, and then quenching. Hysteresis was 
found, and was abnormally large; the width of the loop at 30° was 
8.5% of the maximum effect, and at 75°, 21%. The points lay 
smoothly on each branch of the hysteresis loop, with an average 
deviation of the order of one tenth of the width of the loop. The 
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mean results, obtained by drawing a smooth curve through the 
center of the loop, were: 


At 30°, —AV/Vo = 8.95 X 10-7p — 2.52 
At 75°, —AV/Vo = 9.20 X 1077p — 2.45 X 107-2 p?. 


The mean linear expansion at atmospheric pressure was 0.000020. 
In spite of the pressure hysteresis, the hysteresis with temperature at 
atmospheric pressure was very much less than usual. 

The electrical resistance measurements at 30° showed a slight 
creep, the resistance decreasing by 0.08% after subjection to pressure. 
The mean deviation of a single reading from a smooth curve was 
0.95% of the maximum pressure effect. At 75° the permanent alter- 
ation of resistance after application of 12000 was considerably larger, 
0.45%, and the points with increasing and decreasing pressure lay on 
quite distinct curves. The points with decreasing pressure lay much 
more smoothly, and only these were used in calculating the final 
results. The mean deviation of these points from a smooth curve 


was imperceptible. The results were: 
At 30°, AR/R(O, 30°) = — 2.18 + 1.2 
At 75°, AR/R(O, 75°) = — 2.11 K 10*p + 0.8 X p?. 


At atmospheric pressure the specific resistance at 30° was 6.04 X 
10-* ohm cm, and the mean temperature coefficient between 0° and 
100° 0.00334. 

AgCd. This was cast from above 760° C, annealed for 13 days at 
a mean temperature of 620° C, and quenched. 

Two compressibility set-ups were used. The first showed a step- 
like structure, which completely disappeared on repetition with the 
rectified piezometer. Only the second results were accepted. The 
width of the hysteresis loop was 1.5% of the total effect at 30° and 
1.7% at 75°. The following results are the mean with increasing 
and decreasing pressure: 

At 30°, —AV/Vo = 11.54 X 10-%p — 4.6 X 1072p? 
At 75°, —AIV/Vo 11.91 K — 4.7 X 

The mean linear thermal expansion at atmospheric pressure was 
0.000020. 

The resistance showed the same sort of permanent change after 


application of pressure as did CuZn, but the effect at 75° was not 
nearly so prominent, and the mean curve was used at both tempera- 
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tures. At 30° the permanent change of zero was 0.08% of the total 
resistance, and at 75°, 0.04%. The average deviation from a smooth 
curve of a single reading was 0.9% of the maximum effect at 30°, 
and 1.5% at 75°. The results were: 


At ee AR/R(O, 30°) = — 1.776 XK 10-*p + 1.62 K 10-Up? 
75°, AR/R(O, 75° — 1.926 X 10°-*p + 2.19 K 10-"p?. 


At atmospheric pressure the specific resistance at 30° was 6.62 X 
10-* ohm em, and the mean temperature coefficient between 0° and 
100° 0.00174. 

AuZn. Measurements were made on both unannealed and annealed 
samples. As far as the compressibility results go, annealing was only 
partially successful in reducing hysteresis and other irregularities. 
At both temperatures there was marked hysteresis, the points with 
increasing and decreasing pressure lying smoothly on two branches 
of a hysteresis loop. The hipaa’ of the loop for the unannealed sample 
was 5.3% at 30° and 10.2% at 75°. The corresponding figures for the 
annealed sample were 3.6% at 30° and 2.8% at 75°. The results are: 
Unannealed, 


At 30°, —AV/Vo = 7.24 X 10-7p — 2.4 X 1072p? 
At 75°, —AV/Vo = 7.42 X — 2.4 X 1072p?. 


The mean linear thermal expansion at atmospheric pressure was 
0.000020. 


Annealed, 
At 30°, —AV/Vo = 7.47 X 1077p — 2.4 X 10-2’ 
At 75°, = 7.87 X 10-%p — 2.4 X 1072p’. 


Mean expansion, 0.000020. 

The electrical resistance measurements did not show the hysteresis 
that the compressibility measurements did, except paradoxically at 
75° the annealed sample showed a loop with width 1.1% of the 
maximum effect. The mean departure of a single reading from 
smooth curves for the unannealed specimen was 0.11% at 30° and 
0.18% 75°. The figures for the annealed sample 
were 0.12% and 0.45%. The results were: 

Unannealed, 


At 30°, AR/R(O, 30°) = — 3.51 X 10-%p + 1.82 & 107")? 
At 75°, AR/R(O, 75° 3.44 X 10-p + 1.34 X 107M? 
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Within experimental error the second degree expression is not 
quite adequate to reproduce the results; the initial rate of decrease 
is a little more rapid than given by the formula, and the final rate a 
little less. The maximum discrepancy is 2 or 3 tenths of a percent 
of the maximum pressure effect. 

At atmospheric pressure the specific resistance at 30° was 7.89 X 
10° ohm cm; the average temperature coefficient between 0° and 
100° was 0.00333. 

Annealed: 


At 30°, AR/R(0, 30°) = — 3.53 X 1077p + 1.71 X 
At 75°, AR/R(O, 75°) = — 3.51 X 1077p + 1.74 X10. 


At atmospheric pressure the specific resistance at 30° was 7.95 X 
10° ohm cm; the average temperature coefficient between 0° and 
100° was 0.00333. 

AgZn. This was cast from 800°, annealed at an average temperature 
of 595° C for 9 days, and quenched. 

Three different set-ups were used with the same compressibility 
sample. The first, before rectification of the piezometer, gave a 
sharp change of direction at 30° at 9000 kg/em?, and at 75° gave a 
discontinuity of length of relative amount 0.0004 between 1000 and 
3000. The run at 75° was repeated with the length of the sample 
altered so as to bring the readings on a quite different part of the slide 
wire. The break repeated itself, and therefore can be accepted as 
real. About seven and one half months later, after the piezometer 
had been repaired, the measurements were repeated. A break was 
again found at 75°, but at a higher pressure, between 7000 and 8000, 
and of relative magnitude 0.0003. At 30° a break of approximately 
the same magnitude now appeared at between 3000 and 4000, and the 
anomoly previously found at 9000 was still present at the same place, 
although somewhat altered in character. I believe that there can be 
no question of the reality of these effects. There is much evidence 
which indicates that these compounds may be the seat of slow time 
effects. 

The mean results obtained with the final set-up, smoothing over 
the breaks, were: 


At 30°, —AV/Vo = 10.30 X 1077p — 1.9 & 1072p? 
At 75°, —AV/V = 10.26 X 10-7p — 1.8 X 1072p? 


The first set-up gave results somewhat less at 30° and somewhat 
higher at 75°. The mean linear thermal expansion at atmospheric 
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pressure at the time of the first measurements was 0.000033, and at 
the time of the second 0.000025. The change again indicates some 
internal transformation. 

The resistance did not show marked hysteresis. The average 
deviation of a single reading from a smooth curve was 0.54% at 30° 
and 0.20% at 75°. The results were: 

At 30°, AR/R(O, 30°) = — 4.38 10-%p + 4.2 10-Up? 

At 75°, AR/R(O, 75° — 5.17 X 10 *p + 4.0 
The magnitude of the variation with temperature is somewhat un- 
usual. 

At atmospheric pressure the specific resistance at 30° was 6.9 X 107% 
ohmem. This result is uncertain because of geometrical imperfections 
in the specimen; an upper limit for the resistance is 6.2 X 10~°, which 
is thus very low. The average temperature coefficient between 0° 
and 100° was 0.00489, a value higher than that of either of the com- 
ponent pure metals. 

Cu;sSn. This was cast from 820° C, annealed at a mean temperature 
of 620° for 18 days, and quenched. 

The first set-up for the compressibility, before the piezometer had 
been rectified, gave a characteristic step, which was doubtless in- 
strumental. Repetition with the rectified apparatus gave no steps, 
but appreciable hysteresis. The width of the loop at 30° was 1.9% 
of the maximum effect, and 1.2% at 75°. The results were: 


At 30°, —AV/V> = 8.23 & 1077p — 2.0 1072p? 
At 75°, —AV/Vo = 8.37 K 10-‘p — 1.8 10-¥p’. 


The mean results given by the first set-up, made seven and one 
half months before, smoothing over the break, were essentially the 
same, suggesting that there is little if any change in this compound 
with time. 

The mean linear thermal expansion at atmospheric pressure was 
0.000018. 

The electrical resistance at 30° showed traces of hysteresis. At 
75° there was slight creep in the direction of decreasing resistance, 
the zero being altered after exposure to 12000 kg/cm? by 5% of the 
maximum pressure effect. At 30° the average deviation of a single 
reading from a smooth curve was 0.25% of the maximum pressure 
effect, and at 75°, 0.47%. The results were: 


At 30°, AR/R(O, 30°) — 9.57 & 1077p + 2.8 & 107”)? 
At 75, AR/R(O, 75° 10.39 “+ 43 
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At atmospheric pressure the specific resistance at 30° was 27.5 X 
10-° ohm ecm, and the average temperature coefficient between 0° 
and 100° 0.00075. The latter is unusually low, and of the same 
order as that of Cug;Sns. 

Ag, Al. This material I owe to the kindness of Professor J. C. G. 
Wulff of M. I. T., who in turn obtained it from the Research Labora- 
tory of the Aluminum Co. of America. Three set-ups were used and 
two samples in determining the compressibility. No. 1 was used as 
it came; No. 2 was cut from the same block as No. 1 and annealed in 
vacuum at 540° for 10 days. The two sets of compressibility measure- 
ments on No. 1 were made at intervals of fifteen months, before and 
after rectification of the piezometer. The first run, made a year 
before the trouble with the piezometer became noticeable, gave wide 
hysteresis and a superposed step-like structure at both 30° and 75°. 
The break at 30° occurred between 5000 and 6000, and in relative 
amount was 0.000055. At 75° a break occurred only with increasing 
pressure, between 3000 and 4000, and about twice as much in amount. 
On repetition with the rectified piezometer 15 months later the break 
at 30° had disappeared, but there was a break at 75° between 7000 
and 8000, and 0.00008 in amount. This is the same phenomenon as 
that shown by AgZn, the pressure at which the break occurs increas- 
ing with time. This description would account for the disappearance 
of the break at 30°, which may simply have been displaced beyond 
12000. The compressibility given by the second set-up was: 

At 30°, —AV/Vo = 10.39 K 1077p — 5.3 

At 75°, = 10.20 X 10-‘p — 1.8 smoothing over 
the break. 

The mean compressibility at 30° of the first set-up was almost 
exactly the same as above, but at 75° it was 7% higher. 

The mean linear thermal expansion at atmospheric pressure of 
this sample was 0.000021. 

The compressibility results on No. 2, which had been annealed for 
10 days, were unexpectedly much more irregular than those on No. 1, 
with much greater scattering of the points. The mean results were: 


At 30°, —AV/Vo = 10.13 10~7p — 5.7 X 
At 75°, —AV/Vo = 10.76 — 10~‘p — 8.7 X 10-®p?. 
The compressibility is thus not materially different from that of 


No. 1. The mean linear thermal expansion, however, was perceptibly 


different, 0.000019 instead of 0.000021. 
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The resistance results were so unusual on No. 1 that this led to the 
decision to try the effect of a long annealing. There was, however, 
no essential change in the qualitative behavior produced by anneal- 
ing. At 30° resistance increases linearly with pressure. At 75° with 
increasing pressure resistance decreases nearly linearly except for a 
small initial rise between 0 and 2000 kg/cm?, but on releasing pressure 
from 12000, the resistance at first continues to decrease until about 
S000 is reached, where there is a minimum. Beyond this the re- 
sistance increases again with decreasing pressure until at atmospheric 
pressure in the case of No. 2 the initial zero was almost exactly re- 
covered. The width of the hysteresis loop at 75° was equal to the 
total magnitude of the pressure effect at 12000. The following are 
rough results for No. 2: 


At 30°, AR/R(O, 30°) = + 10.1 & 10-p. 
At 75°, the linear change with increasing pressure is given by 
AR/R(O, 75°) = — 17.5 & 1078p. 


Both these figures were numerically less by about 30% for No. 1. 

At atmospheric pressure the specific resistance at 30° of No. 2 was 
29.7 X 10-*ohm cm. The mean temperature coefficient of resistance 
between 0° and 100° varied from 0.00116 on the first increase of 
temperature to 0.00065 on the final decrease of temperature. The 
corresponding figures for No. 1 were the same within approximately 
1%. 

Mg3Ale. This alloy I owe to the courtesy of the Dow Chemical 
Co. The composition determined by quantitative analysis of the 
actual specimen was Al 42.3%, Mg 57.7%. The theoretical com- 
position corresponding to Mg3Ale is Al 42.6%, Mg 57.4%. 

The compressibility measurements showed no hysteresis, but at 
75° there was a slight permanent shortening after exposure to 12000 
amounting to 1% of the maximum pressure effect. At 30° the average 
deviation of a single reading from a smooth curve was 0.15% of the 
maximum pressure effect, and at 75° 0.25%. The results were: 


At 30°, —AV/Vo = 24.66 X — 16.1 K 10-"p? 
At 75°, —AV/Vo = 24.65 — 11.6 K 


The mean linear thermal expansion at atmospheric pressure was 
0.000020. 
The effect of pressure on electrical resistance was very small indeed; 
there were fluctuations in the individual readings amounting to the 
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entire pressure effect. There cannot be much doubt, however, as to 
the sign of the effect and its approximate magnitude. 


At 30°, AR/R(O, 30°) = + 6.0 X 10-9 
At 75°, AR/R(O, 75°) = + 1.8 X 10-9 


At atmospheric pressure the specific resistance at 30° was 92.3 X 
10-° ohm cm, and the mean temperature coefficient between 0° and 
100° 0.00146. Both these figures indicate a rather large departure 
from the state of a pure metal. 

Mq,Al,. This compound I owe to the kindness of Professor J. C. 
G. Wulff of M. I. T. who obtained it from the Aluminum Co. of 
America. The composition as made up before melting was 50° by 
weight. According to the phase diagram in International Critical 
Tables this should be within the region of homogeneity of the phase 
with the structure of Mg3Ale, but Professor Wulff tells me that X-ray 
analysis failed to disclose evidence of this structure, and it is now not 
considered certain that such a compound as Mg3Al, exists. 


Both at 30° and 75° the compressibility measurements showed 
small permanent changes of length after exposure to 12000 of the 
order of 4% of the maximum pressure effect. The mean deviation 
from a smooth curve of a single reading at 30° was 0.60°% of the 
maximum pressure effect, and at 75° 0.77%. The results were: 


At 30°, —AV/Vo = 17.90 X 10-7p — 8.9 X 10-®p? 
At 75°, —AV/V> = 19.14 X 1077p — 14.0 X 1072;?. 


At atmospheric pressure the mean linear thermal expansion was 
0.000042, much larger than usual. 

The specimen was too deeply fractured to permit any measurements 
of the resistance. 

MgePb. This I owe to the courtesy of the Dow Chemical Co. It 
is unstable in air, and had to be kept and machined under oil. 

The compressibility measurements showed an unsymmetrical 
hysteresis loop at both temperatures, the maximum width of the loop 
being at 3000 instead of the usual 6000. The maximum width was 
2.7% of the maximum effect at 30° and 2.99% at 75°. The average 
deviation of a single reading from a smooth curve was 0.80°% of the 


maximum effect at 30° and 0.719% at 75°. The results were: 


At 30°, = 26.13 X 10-7p — 21.2 XK 10-2? 
At 75°, —AV/V9 = 27.36 X 10-7p — 23.4 & 1072p. 


Q 


4 
tis 
fae 
2 
G 
— 
¥ 
be 
a 
‘ 
4 
: 


302 BRIDGMAN 


The mean linear thermal expansion at atmospheric pressure was 
0.000021 

The material was not good enough to give samples suitable for 
resistance measurements. 

MgZn. This crystallizes in the hexagonal rather than the cubic 
system, but as a sample was available through the courtesy of the 
Dow Chemical Co. it seemed worth while to measure it. The crystal 
structure seemed to be of small grain size, so that these results should 
be fairly representative of the average of different directions in the 
crystal. The readings did not show noticeable hysteresis, but the 
irregularities were greater than usual, probably a result of the un- 
equal compressibility of the different grains in different directions. 
The average deviation from a smooth curve of a single reading was 
0.3207 of the maximum effect at 30°, .49% at 52.5°, and 0.42°% at 
7>°. The results were: 


At 30°, —AV/Vo = 16.57 — 6.1 
At 52.5°, —AV/Vo9 = 17.12 X 10-"p — 6.2 X 10-®p? 
At 75°, —AV/Vo = 17.12 K 10-7p — 6.0 10-®p?. 


The mean linear thermal expansion at atmospheric pressure was 
0.000025. 

The resistance specimen showed a rather large permanent change 
of resistance on the initial seasoning application of pressure, but after 
that the readings were steady. The mean deviation from a smooth 
curve of a ~~ reading at 30° was 2.9% of the maximum effect, and 


at 75° 2.0%. The results were: 
At 30°, AR/R(O, 30°) = — 2.51 X 10*p + 4.6 & 10-™p? 
75°, AR/R(O, 75°) = — 2.52 X 10-p + 5.2 X 10-1;?. 


At atmospheric pressure the specific resistance at 30° was 25.6 X 
10-* ohm cm, and the mean temperature coefficient between 0° and 
100° 0.00321. 

SbSn. The crystal structure of this is of the simple NaCl type. 
The specimen was prepared in quartz in the usual way, and annealed 
at 300° for 9 days. 

The compressibility measurements showed no marked hysteresis. 
At 30° the average deviation from a smooth curve of a single reading 
was 0.14% of the maximum effect, and at 75° 0.24%. The results 
were: 
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At 30°, —AV/Vo = 22.17 K — 20.3 X p? 
At 75°, —AV/Vo = 22.50 K 10-7p — 18.3 XK 107”. 


The mean linear thermal expansion at atmospheric pressure was 
0.000016. 

The mean deviation from a smooth curve of a single one of the 
resistance measurements was 0.09% at 30° and 0.44% at 75°. The 
results differed so much from a second degree expansion that it is 
necessary to give them in Table I. 


TABLE I 
RESISTANCE OF SbSn 
Pressure 30° 75° 
kg/em? —AR/R(O, 30°) —AR/R(0, 75°) 
2000 .0274 .O281 
4000 .0506 .0506 
6000 .0718 0715 
8000 .0918 .0910 
10000 .1110 1097 
12000 . 1290 .1276 


At atmospheric pressure the specific resistance at 30° was 28.4 
10-* ohm em, and the mean temperature coefficient between 0° and 
100° 0.00275. 

AuSbe. This crystallizes in the same system as FeS,. It was 
prepared from the melt at 550°, and annealed at 400° for 13 days. 

The compressibility results lay on open hysteresis loops, the 
maximum width of the loop at both 30° and 75° being 3.9°% of the 
pressure effect. The results given below are the mean with increas- 
ing and decreasing pressure, obtained by drawing a smooth curve 
through the center of the loop. The mean deviation from a smooth 
curve of a single reading was 1.2°% of the maximum effect at 30° and 
1.6% at 75°. This deviation would have been much less if it had 
been calculated from the respective branch of the loop. The results 
were: 


At 30°, —AV/Vo 
At 75°, 


11.44 & 10-7p — 8.2 & 
11.69 4 1077p om Q 4 1O- 


At atmospheric pressure the mean linear thermal expansion was 
0.0000055, much smaller than for most of these compounds. 
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The resistance measurements gave readings which showed a mean 
deviation from a smooth curve of 0.22% of the maximum effect at 
° and 0.14% at 75° (one discard). The results were: 


At 30°, AR/R(O, 30°) = 
At 75°, AR/R(O, 75°) = —2.90 X 10p + 6.4 X 10-2p?. 


—2.87 X 10-*p + 6.5 1078p’? 


At atmospheric pressure the specific resistance at 30° was 29.0 X 
10-*, and the mean temperature coefficient between 0° and 100° 
0.00318. 

SheTl;. The crystal structure is not known, except that it is cubic 
with 6 molecules in the unit cell. 

The compressibility measurements did not show the usual hystere- 
sis, but there was perhaps more scattering than usual. At 30° the 
mean deviation of a single reading from a smooth curve was 0.25% 
of the maximum pressure effect, and at 75° 0.420%. The results were: 


At 30°, —AV/Vo = 32.15 XK 1077p — 25.7 


At 75°, —AV/V> = 33.41 X 1077p — 25.1 


The mean linear thermal expansion at atmospheric pressure was 
0.000031. Both expansion and compressibility are larger than usual. 

The average deviation from a smooth curve of a single reading of 
the electrical resistance was 0.17% at 30° and 0.19% at 75°. The 
results were: 


At 30°, AR/R(O, 30°) = — 9.176 X 10-p + 9.62 X 10-4? 
At 75°, AR/R(O, 75°) 


— 9.330 + 10.57 & 


At atmospheric pressure the specific resistance at 30° was 88.5 X 
10-*, and the average temperature coefficient between 0° and 100° 
— 000563. Both these figures are far from the values for pure metals. 

This completes the list of intermetallic compounds. A number of 
other more or less miscellaneous substances were available, and 
seemed to be of sufficient interest to justify measurement. 

Germanium. The compressibility of this element has already been 
measured » the particular point now was to obtain the effect of pressure 
on resistance. However, it seemed worth while to repeat the com- 
pressibility measurements, since the previous measurements had been 
irregular, and soon after conclusion of the measurements the specimen 
had spontaneously fractured while resting under room conditions. 
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For the new material I am again indebted to Professor L. M. Dennis 
of Cornell University, by whom it had been highly purified. The 
sample was cast in quartz in much the same fashion as the inter- 
metallic compounds. 

Although the compressibility results for the new sample were more 
irregular than usual for pure metals, there were no such extreme 
effects as had been shown by the previous sample, and the new 
measurements are therefore doubtless to be preferred. At both 30° 
and 75° there were small permanent decreases of length after applica- 
tion of pressure, the change being of the order of 2.5°% of the total 
decrease under 12000, or 0.00008 on the total length. At both temper- 
atures the compressibility with decreasing pressure was taken as the 
better. The extreme deviation of a single reading from a smooth 
curve at decreasing pressure was 0.16% of the maximum effect at 
30°, and 0.30% at 75°. The results were: 


At 30°, —AV/Vo = 14.11 X 10-7p — 6.09 X 


At 75°, —AV’/Vo = 14.39 X 10-7p — 6.96 X 10-8? 


The new values of compressibility average 3.5°; greater than the 
previous values; the difference is greater at 75°. 

The mean linear thermal expansion at atmospheric pressure was 
0.000007. 

The resistance sample was in the form of a rod 1 mm in diameter 
and 9 mm between potential terminals. It was cast in quartz at the 
same time as the compressibility sample, and appeared to be a single 
crystal grain; since Germanium is cubic this introduced no indetermi- 
nation into the results. The conventional potentiometer method of 
measuring resistance was used with two current and two potential 
terminals. The connections were made by spring clips; the contact 
resistance was high and irregular and during the measurements 
contact had to be continually restored by sparking at the contact 
with the current from a small magneto. Of course high contact 
resistance introduces no error into the measurements, but merely 
cuts down the galvanometer deflection and so the sensitivity. The 
measurements of resistance went perfectly smoothly; no single reading 
deviated from a smooth curve by more than 0.2°% of the total effect. 
Germanium turns out to be one of the comparatively few elements 
the resistance of which increases with pressure. ‘The increase cannot 
be reproduced by the usual second degree formula, and is accordingly 
given in Table II for pressure intervals of 2000 kg em’. 
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TABLE II 
RESISTENCE OF GERMANIUM 
Pressure 30° 78° 
kg/em? AR/R(0, 30°) AR/R(O, 75°) 
2000 + .0261 + .0287 
4000 .0566 .0610 
6000 .O911 .0981 
8000 . 1297 . 1434 
10000 .1761 . 1966 
12000 . 2283 . 2608 


The curve of resistance against pressure is convex toward the 
pressure axis; that is, the pressure effect becomes relatively greater 
as pressure increases. This is also the case for all other positive 
pressure coefficients that have been determined. 

At atmospheric pressure the specific resistance at 30° was 0.01168 
ohm cm. The mean temperature coefficient between 0° and 100°, 
calculated by linear extrapolation of readings at 30° and 75°, was 
().00140, much less than for the metallic elements. It is known that 
this temperature coefficient reverses sign at higher temperatures. 

lik. It has already been described how a great many measure- 
ments were made on this substance, all giving apparently some sort 
of step-like structure, but that eventually the trouble was located in 
the worn cross wire of the piezometer. The following results were 
obtained after the source of error had been eliminated by a change in 
design of the cross wire. The material was cut from a single crystal, 
which had been crystallized out of the melt in this laboratory by Dr. 
E. G. Schneider, who has had a great deal of experience in making 
single crystals of this material for the optical experiments of Dr. T. 
Lyman in the ultra violet. The material was without detectible 
chemical impurity. 

The step-like structure entirely disappeared with the change in 
the cross wire, and the results were of customary smoothness. At 30° 
the average deviation of a single reading from a smooth curve was 
0.2% of the maximum effect, and at 75° 0.4%. The results were: 


At 30°, —AV/Vo = 14.95 X 1077p — 6.78 & 1072p? 
At 75°, —AV/Vo = 15.64 X 1077p — 6.96 X 10-”p?. 


Kssentially the same results, except for the superposed steps, were 
obtained with five samples of highly purified material, four of these 
being different samples prepared by Dr. Schneider, and one a single 
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crystal for which I am indebted to Professor D. C. Stockbarger of 
M. I. T. by whom it was prepared by a method not different in 
essential principle from that used by Dr. Schneider. 

The compressibility of Lik has been previously measured in this 
laboratory by Slater? with my apparatus. At 30° his value for the 
first degree term is 15.0 X 1077 against 14.95 K 1077 found above, 
and for the second degree term 8.6 X 10-” against 6.78 X 10-” 
above. This agreement must be considered satisfactory, in view of 
the fact that Dr. Slater regarded his value for LiF as the most in- 
accurate of all his values, and had independently suggested to me 
the desirability of a redetermination when this single crystal material 
of high purity became available. However, the new value for the 
temperature coefficient of compressibility is about five fold greater 
than the value of Slater. There is a misprint in the value of Slater’s 
compressibility as quoted by which makes his value appear about 
25% too low. 

AgeS. This material is of interest because of the peculiar tempera- 
ture dependence of resistance at atmospheric pressure; I thought 
that the behavior under pressure might also be unusual. The material, 
obtained from another research laboratory, was said to have been 
commercially pure AgeS. formed without binder by high pressure in 
a mold into a strongly coherent rectangular block. For the pressure 
measurements, pieces were cut from this block with a hack saw, and 
formed with a file or by turning. 

The compressibility sample was subjected to two seasoning applica- 
tions of pressure, one to 12000 and one to 13000, but in spite of this 
there were still permanent changes of length after the compressibility 
measurements. At 75° the permanent shortening after the com- 
pressibility measurements to 12000 was 10% of the maximum pressure 
effect, and at 30° 4%. The following compressibility is the mean of 
results obtained with increasing and decreasing pressure. The points 
with increasing or decreasing pressure separately lay on smooth 
curves with about the customary deviation, of the order of 0.1 or 
0.2°7. The results were: 


At 30°, —AV/Vo = 32.06 X 10-7p — 49.1 
At —Al'/V = 30.31 x 10-7 p — 38.9 XK 107 p*. 


The very distinctly smaller compressibility at 75° is unusual. 
The mean linear thermal expansion at atmospheric pressure was 


0.000013. 
The resistance measurements were made with a cylindrical rod 6 
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mm in diameter and 2 ecm long. Current connections were made at 
the ends by flat electrodes contacting over the entire plane end, pulled 
together with steel springs, and with a film of “aquadag”’ cement 
under the electrodes to ensure good contact. The potential taps were 
silvered steel spring clips embracing the entire specimen. Measure- 
ments were made only at 30°. The effect of pressure on resistance is 
very large and negative, resistance at 12000 dropping to 1/725th of 
the initial value. The curve did not exactly retrace itself with de- 
creasing pressure, but there was a permanent decrease of the zero 
resistance by 10%% of itself. The results are given on a logarithmic 
scale in Table III and are shown graphically in Figure 2. There is a 


TABLE III 


RESISTANCE OF AgoS UNDER PRESSURE at 30° C 


Pressure 
kg/em? logio R/Ry 
1 0.00 
2000 —0.52 
4000 —1.09 
6000 —1.62 
8000 —2.07 
10000 —2.51 
12000 —2.86 


point of inflection in the curve of log R vs pressure, at pressures above 
the inflection point log R becoming convex toward the pressure axis. 
Convexity toward the pressure axis is also characteristic of all other 
substances yet measured with very large negative effects; it is sug- 
gestive of a minimum resistance at much higher pressures. 

The resistance of AgeS under pressure has been previously measured 
by Montén® up to 3000 kg/em.2, Montén measured many samples, 
and found the results highly variable with the sample. As a rough 
average his results were about twice as great as found above. 

PbSe. This material was synthesized from weighed amounts of the 
pure constituents by melting together in a quartz tube in a gas 
furnace. If the contents of the tube are allowed to solidify naturally 
after melting, a casting is obtained full of blow holes and entirely un- 
suitable for compressibility measurements. A homogeneous casting 
was obtained by solidifying the melt by slowly lowering the quartz 
tube through the bottom of the furnace, essentially like my method 
of making single crystals. The specimen was subjected to a season- 
ing application of pressure before compressibility measurements 
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were made. At 30° the mean deviation from a smooth curve of a 
single reading was 0.24% of the maximum effect, and at 75° 1.1%. 
The results were: 


0.02 


4000 6000 8000 10000 12000 


Ficure 2. Logarithm to the base ten of the relative resistance at 30° of 
Ag»S plotted as ordinates against pressure in kg/cm? as abscissa. The open 
circles were obtained with increasing pressure, the closed circles with decreas- 
ing pressure. 


At 30°, —AV/Vo = 20.67 X 1077p — 12.8 & 10-"p? 
At 75°, —AV/V = 21.00 X 1077p — 14.1 1072p’. 


The mean linear thermal expansion at atmospheric pressure was 
0.000020. 
No measurements were attempted of electrical resistance. 
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PbTe. The method of preparation and the preliminary treatment 
was like that of PbSe. The mean deviation from a smooth curve of 
a single reading was 0.28% of the maximum effect at 30°, and 0.25% 
at 75°. The results were: 


At 30°, —AV/Vo = 25.55 10-"p — 24.3 X 10-"p? 
At 75,° —AV/Vo = 27.37 10-"p — 38.6 X 


The mean linear thermal expansion at atmospheric pressure was 
0.000022. 

The compressibilities have now been measured for the three com- 
pounds PbS,® PbSe, and PbTe. There is, as would be expected, a 
regular progression, the initial compressibilities at 30°, for example, 
being respectively 18.4, 20.7, and 25.5 & 10-7. All three com- 
pressibilities are markedly less than would be calculated by the 
simple rule of mixtures from the compressibility of the pure constit- 
uents, and the discrepancy between the actual compressibility and 
the compressibility calculated by the rule of mixtures is correlated 
with the contraction of volume on formation, which again is doubtless 
correlated with the internal pressure. Thus the actual compressibility 
of PbS is only one fourth of that calculated, and there is a volume 
contraction of 5% on formation, while the actual compressibility of 
PbTe is two thirds of that calculated, and there is a volume ev- 
pansion of 5.9% on formation. The direction of correlation is thus 
what would be expected, a high volume contraction meaning a high 
internal pressure and a low compressibility. 

AgoSOs.4NH3. This material crystallizes in the tetragonal system. 
I am indebted to Dr. R. W. G. Wyckoff for a large single crystal. 
This was large enough to permit cutting a compressibility sample in 
the direction of the tetragonal axis, but samples in other orientations 
could not be obtained. Successful readings were obtained only at 
30°; at 75° part of the crystal was found to have crumbled and as- 
sumed a milky appearance after exposure to 1000 kg/em?. I did not 
try to determine whether this was due to a polymorphic transition or 
to chemical decomposition. At 30° the mean deviation of a single 
reading from a smooth curve was 0.41% of the maximum effect. The 
results were: 

At 30°, parallel to the tetragonal axis: 


—Al/l, = 9.87 K — 8.4 107" p’. 


Basalt Glass. Measurements on this substance may be expected to 
be chiefly of geological interest; they were made at the suggestion of 
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Professor R. A. Daly. I have previously made measurements on two 
natural basalt glasses of different origins; one of these showed anoma- 
lous effects. The material now investigated was artificial basalt, 
which had been synthesized at the General Electric Co. in Lynn. It 
was in the form of a more or less homogeneous block, several inches 
in every dimension. Compressibility samples were sawed from this 
block in two directions at right angles. Measurements were made on 
each of these specimens at five temperatures, 0°, 30°, 50°, 75°, and 
95°. Five temperatures were used instead of the usual two because 
it was especially desired to investigate the abnormal change with 
temperature of the direction of curvature previously found. It is not 
worth while to reproduce here the results in full detail; they have 
already been referred to by Birch and Law’ in a paper dealing also 
with other results of geological interest. 

The regularity of the results was not different from that of all this 
compressibility work. The results at different temperatures were 
consistent with each other, and in fact the variation with temperature 
was found to be linear. It is therefore sufficient to reproduce the 
results for two temperatures. The two samples gave essentially the 
same results, although those of one were somewhat more irregular 
than those of the other. It therefore seems justifiable to calculate 
the change of volume from the linear measurements by assuming the 
change of length uniform in every direction. 


At 0°, —AV/Vo = 15.62 K 10-*p — 7.6 K 
At 100°, —AV/Vo = 15.84 & — 1.7 & 


At intermediate temperatures the proper expression may be found 
by assuming a linear variation with temperature of both coefficients. 

At atmospheric pressure the mean linear thermal expansion is 
0.000005. 

The most interesting feature of the compressibility results is the 
very large drop with pressure of the coefficient of p*. This will reverse 
sign at about 130°, so that above this temperature the compressibility 
will increase with increasing pressure. This reversal has been found to 
be characteristic of other varieties of glass at lower temperatures; it is 
particularly marked in those glasses which have a large SiO, content. 


CORRECTED COMPRESSIBILITIES 


In this section are collected the corrected values for my early 
compressibilities. As already explained in the introduction, there 
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was an error in the sign of the correction term applied for reducing 
change of length to change of volume. This results in an error in the 
second degree term which is larger the larger the compressibility. 
This error does not occur in anything published later than 1925. 
There is however, a very slight correction to be applied to all my 
published compressibilities, because of the change in the fundamental 
compressibility of iron. The value used formerly in all the calcula- 
tions was: 


At 30°, —AV/Vo = 5.87 X 1077p — 2.10 X 10-®p? 
At 75°, —AV/Vo = 5.93 X 1077p — 2.10 X 10-2p?. 


The new values, corrected properly, making certain readjustments 
so as to secure a better fit on the original data, and giving an extra 
significant figure, which is sometimes useful in getting smoother results, 
are: 


At 30°, —AV/V(0, 30°) = 5.868 X 10-7p — 2.37 X 10-2? 
At 75°, —AV/V(0, 30°) = 5.925 X 10-7p — 2.31 X 1072,?. 


The new values for the change of length, consistent with these 
values for the change of volume are: 


At 30°, — Al/l(0, 30°) = 1.956 X 10-7p — 0.75 & 1072p? 
At 75°, — Al/l(0, 30°) = 1.975 & 10-7p — 0.73 X 1072p. 


All the compressibilities published since 1925 should strictly be 
corrected by a constant additive term, the difference between the 
former and the corrected values of the compressibility. The difference 
is of very minor importance in all cases. 

The corrected early compressibilities are now given in Table IV. 
Lithium, sodium and potassium are not given here, because the 
corrected values have already been given in another paper.’ Also all 
values for non-cubic metals are omitted, because these have been re- 
placed since 1925 by values for the single crystals. There are also 
several cubic metals for which improved values had been given in 
papers since 1925, and these are also omitted. In some cases the 
original data were given for several samples of a metal of different 
grades of purity; only the results for the purest are reproduced here. 
All in all. the number of data which require correction is not very 
large. 
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TABLE IV 
CoRRECTED COMPRESSIBILITIES 
— AV/V (0, 30°) = a X 107%p — b X 10-"p? 


Substance 30° 75° 
a b a b 

Al 13.43 6.2 13.75 6.2 
Ca 56.97 63.9 58.49 76.) 
Co 5.39 —2.3 54.7 
Cu 7.19 3.0 7.34 -—3.0 
Ge* 13.77 —7.9 13.63 
Au 5.77 —3.4 5.70 —2.3 
Pb 23.72 20.3 24.33 21.0 
Mo 3.60 1.19 3.61 1.10 
“Nichrome”’ 5.50 1.8 

Ni 5.29 2.4 5.35 2.3 
Pd 5.28 2.4 §.31 2.3 
Pt 3.60 1.8 3.64 1.8 
Ag 9.87 5.06 10.04 4.5 
Sr 81.22 100.6 82.11 101.4 
Ta 4.79 4 4.92 6 
Ur 9.66 3.26 9.55 2.78 


* See improved value on p. 305 of this paper. 


DISCUSSION 


This discussion will be concerned only with the intermetallic 
compounds; the other substances have already been sufficiently dis- 
cussed incidentally in the text. 

The most striking characteristic of the results for intermetallics as 
contrasted with other substances is their much greater irregularity. 
The most common sort of irregularity is pressure hysteresis, both in 
compressibility and resistance. This hysteresis may in some cases 
assume very marked proportions, as in the very striking resistance 
hysteresis of AgeAl at 75°. In addition to hysteresis, there are often 
creep phenomena, shown more often by the resistance than by the 
volume, and also breaks of one kind or another, breaks in direction or 
actual small discontinuities. ‘These breaks are more often shown by 
the compressibility than by the resistance, but the resistance does 
sometimes show distinct breaks, as AgsCds, for example. In this 
connection it must be remembered that the compressibility measure- 
ments are in general more sensitive than those of resistance. Finally, 
there are long range time effects, the pressure at which a break occurs 
being displaced when the specimen rests for months or a year or more. 
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All of these irregularities point to a condition of internal equilibrium 
shifting under the action of pressure and in some cases with the 
passage of time. This is what might be expected in view of the 
present picture of the nature of an intermetallic compound. These 
are not to be thought of as compounds in the sharp definite sense of 
the conventional chemical compound. In at least some cases they 
are rather statistical compounds, there being a maximum in the 
number of ways in which a certain sort of superstructure can be 
built up as the ratio of the atomic species passes through certain 
critical values. The most recent X-ray analysis shows that these 
superstructures are in many cases more complicated than was at 
first supposed. Thus, it now appears that SngCug3,, with its electron- 
atom ratio of 21 to 13 or 1.616, is only an approximation, the unit 
cell now being supposed to contain 416 atoms, giving 8Sn,; Cu; asa 
possible formula, with an electron-atom ratio of 1.634. With such 
large superstructures playing an actual part it seems that there 
must be a wealth of possibilities for the production of new structures 
by pressure, and it may be that the breaks found above are due to 
this sort of thing. Furthermore, it would seem natural to expect 
that the forces tending to build up such large structures must be 
comparatively weak, so that the control exerted by them would be 
more or less indefinite, suggesting the possibility of marked hy- 
steresis. 

In spite of the irregularities, there are certain general trends 
evident in the results. In Table V are collected a number of com- 
parative data, including the observed and “calculated” initial 
compressibilities at 30°, the observed and “calculated” specific 
resistances at 30°, and the volume contraction, which is essentially 
a comparison of observed and “calculated” volume. The“ calculated”’ 
values were obtained on a volume basis. For example, the “calcu- 
lated”’ compressibility of AgsCdg was obtained by the formula: 


5 X (At. vol.) Ag X KAg + 8 X (At. Kea 
5 X (At. vol.) ag + 8 X (At. voll.) ea 


’ 


where k,, means the initial compressibility of Ag at 30° ete. The 
resistance and volume were calculated by substituting in this formula 
specific resistance and specific volume instead of x. In calculating 
the volume I am very much indebted indeed to Professor L. W. 
McKeehan for access to an unpublished compilation which he has 
made of all the latest X-ray parameters of the intermetallic com- 
pounds. The X-ray data do not always exactly correspond to the 
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COMPARISON OF VARIOUS EXPERIMENTAL PROPERTIES OF THE INTER- 
METALLIC COMPOUNDS WITH THE ‘“‘CALCULATED”’ VALUES 


Compressibility 10’ Specific Resistance X 10° | Volume 
Com- Con- 
pound Cal- Ob- Obs. | Cal- Ob- Obs. | traction 
culated | served Cale. | culated | served Cale. |Per Cent 
Ag;Cds 18.5 12.4 67 5.79 13.1 2.26 6 
Ag;Sns3 13.8 11.5 .83 4.45 21.5 4.83 2.1 
Cu;Cds 18.7 16.3 87 6.30 17.3 2.74 5.2 
Cu;Sns 13.5 8.5 .63 4.91 10.7 2.17 4.3 
CusiSns 12.1 8.8 7.15 49.4 6.91 | —2.2 
CuSn 15.8 8.9 .57 11.2 4.7 .42 5.0 
AgCd 17.0 11.5 .68 5.12 6.6 1.29 §.3 
AuSn 10.9 7.5 . 69 4.34 7.95 1.83 3.2 
AgSn 13.1 10.3 .78 3.91 6.0 1.53 2.8 
Cu;Sn 11.4 8.2 6.40 27.5 4.29 
Ag» Al 11.0 10.1 .92 2.06 | 29.7 14.4 
Mg;Al: 24.4 24.7 1.01 4.19} 92.3 22.1 —3.7 
Mg.Pb 27.3 26.1 .96 
MgSn, 22.2 16.6 .75 §.72 25.6 4.47 
SbSn 22.6 22.2 .98 | 27.9 28.4 1.02 0.0 
AuSb, 22.4 11.4 51 34.0 29.0 85 6.0 
SboTH 27.6 32.1 1.16 24.9 SS.5 3.55 | 7 


theoretical compositions, but the differences probably are in most 
cases not of much significance. The most important divergences 
between the most recent formulas and those used above are, in addition 
to SngCuz;, already mentioned, Mg3Al2, which is now given prefer- 
entially as Mgyj7Alye, and SnCus, which is now said to contain only 
two atoms in the unit cell, and to have the proportions 2(Sno.15Cuo.ss), 
the notation indicating only a statistical regularity. 

Perhaps the most striking feature brought to light by the Table is 
that the calculated compressibility is almost always markedly greater 
than the actual compressibility. This is what would be expected if 
there were important chemical affinity in the intermetallic com- 
pounds, a high chemical affinity meaning a high internal pressure, 
which in turn means a lowered compressibility. There do not seem 
to be data for the thermal effects on formation which would permit 
a quantitative correlation, but it is common experience that the 
thermal effects on alloying metals may often be large. Similar 
considerations would lead one to expect the volume contraction on 
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formation to be important. It does turn out in most cases that 
there is a contraction, but there are two cases of volume expansion, 
and there is no close correlation between volume contraction and 
compressibility. For instance, SngCusg; has a volume expansion of 
2.2%, but a considerable decrease of compressibility, the ratio being 
0.73. On the other hand, Mg;Al, has the largest volume expansion, 
3.7°%, and shows no diminution of compressibility. 

The specific resistance is almost always larger than would be 
calculated from the rule of mixtures. This is what would be ex- 
pected on general grounds because of the breaking up of the structure 
when different sorts of atom are present, and the consequent inter- 
ference with the passage of electron waves. In general, the dis- 
crepancy between calculated and observed resistance is much larger 
than for the compressibility, which again is what might be expected, 
because resistance is much more sensitive to slight imperfections in 
the structure. It must be kept in mind, however, that the formula 
by which the resistance is “calculated” has no rigorous foundation, 
the resistance thus calculated corresponding to what would be found 
if the different sorts of atom were lined up in series, which certainly 
does not occur. There are two important exceptions to the general 
rule with regard to specific resistance; CuZn has a very low specific 
resistance and an observed-calculated ratio of only 0.42, and AuSbe 
has a ratio of 0.85. 

A correlation would be expected between temperature coefficient 
of resistance and specific resistance, a high temperature coefficient 
and also a low specific resistance being associated with the pure 
metals. If one plots temperature coefficient against ratio of observed 
to calculated resistance a sort of correlation will be found, the high 
coefficients and low ratios having a tendency to go together, but the 
correlation is very rough. 

The temperature coefficient of AgZn, 0.00489, is noteworthy 
because it is so high, materially higher than that of either constituent 
metal. 

The pressure coefficients of resistance are almost always negative, 
as are also most of the pure metals, but the coefficients of the com- 
pounds are in general distinctly less numerically than those of the 
metals. This again is what might be expected on the basis of previous 
experience, positive coefficients not being rare among the alloys. 
There does not seem, however, to be any obvious more detailed correla- 


tion. 
I am indebted to Mr. L. H. Abbot for making the readings. I am 
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also indebted to the Rumford Fund of the American Academy for 
financial assistance in the purchase of supplies, and to the Francis 
Barrett Daniels Fund of Harvard University for general financial 
assistance. 
THE RESEARCH LABORATORY OF PuHysiIcs, 

Harvarp UNIVERSITY, CAMBRIDGE, Mass. 
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